The development of embryos, larvae and juveniles of the Ryukyu-ayu, Plecoglossus altivelis ryukyuensis are described based on laboratory-reared specimens. The eggs were spherical, 0.98-1.18 mm (mean 1.06 mm) in diameter with an adherent membrane. The incubation period after fertilization was approximately 155 h at a water temperature of 19.7-22.0 ∞ C (mean 20.7 ∞ C). Newly hatched larvae were 5.0-5.9 mm (mean 5.5 mm) in body length (BL) with 59-62 myotomes. Within 5 days after hatching, the larvae had attained 6.4-8.2 mm (mean 7.8 mm) BL and had completely consumed their yolk. Notochord flexion began at 13.7 mm BL and was completed by 16.3 mm BL. The rudimental dorsal, anal, pelvic and adipose fins appeared at 14.7, 16.3, 21.8 and 21.8 mm BL, respectively. All fin rays reached the same fixed number of adult fish at about 28 mm BL. The comblike teeth began to form at approximately 30 mm BL and were fully developed at about 40-50 mm BL. The proportions of P. a. ryukyuensis specimens, which were consistent with adult fish, occurred at approximately 40 mm BL.
INTRODUCTION
The Ryukyu-ayu, Plecoglossus altivelis ryukyuensis is an endemic subspecies of the Ryukyu Islands and differs morphologically and genetically from the Ayu Plecoglossus altivelis altivelis distributed across mainland Japan. 1, 2 This subspecies was distributed in 11 rivers of northern Okinawa Island until the beginning of the 1970s, 3, 4 but unfortunately, disappeared from Okinawa Island at the end of 1970s when riverine environmental destruction was caused by public works. 5, 6 Since 1992, in order to restore the population of P. a. ryukyuensis in Okinawa Island, artificial seeding of this subspecies (originating from Amami-ohshima Island) has been performed in dams and rivers. 6 Despite the urgency for conservation of this subspecies, little is known about its early developmental life stages. The aims of the present paper are to describe in detail the embryonic development and morphological changes in larvae and juveniles of P. a. ryukyuensis under rearing conditions compared to those of P. a. altivelis .
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MATERIALS AND METHODS
A total of six parental fish (three females, 102-118 mm SL; three males, 108-125 mm SL) were used for artificial insemination at the Genga Ayu Seed Production Center, Nago City, Okinawa, Japan on 29 November 1994 in attempts to observe morphological changes of larvae and juveniles, and on 25 December 1994 to observe egg development. The eggs were stripped from ovulating females, placed into a plastic bowl without water, and sperm suspension was immediately poured over them. Fertilized eggs adhered to 10 glass slides (26 ¥ 76 mm) and kept in five 1 L beakers with gentle aeration at the Laboratory of Fisheries Biology & Coral Reef Studies, University of the Ryukyus. The rearing temperature ranged from 19.7 to 22.0 ∞ C. Several of these eggs were observed under a microscope (ECLIPSE E600; Nikon, Tokyo, Japan).
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Newly hatched larvae (hatched 10 December 1994) were kept in 1 kL polycarbonate tanks until 110 days after hatching (d.a.h.) and then transferred to 20 kL canvas tanks at the Genga Ayu Seed Production Center. Seawater was supplied continuously at a flow rate of 0.8 L/min in 1 kL tanks from 0 to 85 d.a.h. and overflowed from the surface at the center of each tank. Freshwater was added gradually from 86 d.a.h. From the first day after hatching, diets were adjusted for larvae and juveniles according to their size. During the course of development, food items offered included the rotifer Brachionus routundiformes (0-50 days), nauplii of Artemia salina (30-120 days) and formula pellets (10-160 days). The rearing water temperature ranged from 11.2 to 25.8 ∞ C (mean 18.2 ∞ C) (Fig. 1) .
Ten larvae were sampled from each rearing tank at 0, 3, and 5 d.a.h., 20 larvae or juveniles were sampled every fifth day from 10 to 80 d.a.h. and every 10th day from 90 to 160 d.a.h. All samples were fixed in a solution of 5% neutralized formalin. Measurements were made for the fixed specimens under a stereomicroscope (Nikon; SMZ800) or profile projector (Nikon, V12-B).
RESULTS
Eggs
The eggs adhered by the adherent membrane and were spherical in shape (ranging from 0.98 to 1.18 mm, mean ± SD = 1.06 ± 0.05 mm in diameter, n = 30), with a pale yellowish semitransparent chorion and many small oil globules (Fig. 2a) .
The blastodisc was found to be elevated 1 h 36 min after insemination (Fig. 2b) , with the first cleavage occurring at 2 h 24 min (Fig. 2c) . The 4-cell (Fig. 2d ), 8-cell (Fig. 2e) , 16-cell (Fig. 2f) , 32-cell (Fig. 2g) , morula (Fig. 2h) , blastula ( By 30 h, the blastopore was found to be almost closed (Fig. 2k) . The embryo and optic vesicles with lenses appeared at 35 h (Fig. 2l ) and the formation of 11 myomeres (Fig. 2m ) was observed at 45 h. At 58 h after insemination, a pair of otocysts, Kupffer's vesicles and 33 myomeres appeared and brain differentiation was recognized (Fig. 2n) . The heart was formed and the embryo was elongated almost around the yolk sac with 50 myomeres present after 72 h (Fig. 2o) . Eye pigment was observed after 82 h (Fig. 2p) and the caudal tip of the embryo reached below the otocysts at 93 h 30 min (Fig. 2q) after insemination. The embryo was subsequently elongated beyond the otocysts, and melanophores appeared on the yolk and ventral part of body after 98 h (Fig. 2r) . The guanophores appeared on the eyes at 120 h after insemination (Fig. 2s) , and the embryo was elongated twice around the yolk sac at 144 h (Fig. 2t ).
Larvae and juveniles
The change in body length (BL: including notochord and standard length) of reared P. a. ryukyuensis is shown in Fig. 3 Further observations included the (k) closed blastopore, (l) the presence of optic vesicles, (m) the formation of the myomere and (n) the formation of otocysts, Kupffer's vesicles and differentiation of the brain. Subsequently, the (o) heart was formed and (p) the presence of eye pigments was noted. The caudal tip was observed below the (q) otocysts, with the formation of (r) melanophores and (s) guanophores. Finally, the embryo was found to be wrapped twice around the yolk sac (t).
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rakers began to form on the first lower gill arch (Fig. 4e) . At 25 d.a.h. (14.7 mm BL), rudimentary dorsal fin rays began to form above from the 31st to the 34th myomere (Fig. 4f) and at 30 d.a.h. (16.3 mm BL) the membranous fin had almost disappeared and anal fin rays began to form from the 42nd to the 51st myomere. The notochord was also completely flexed ( Fig. 4g) . At 45 d.a.h. (21.8 mm BL), the rudimentary pelvic fin had begun to form and nostrils were present (Fig. 4h) .
At 50 d.a.h. (24.0 mm BL), dorsal, anal and caudal fins were almost completely formed and had begun to form rays of pectoral and pelvic fins. The alimentary canal was still straight (Fig. 5a) . At 60 d.a.h. (25.8 mm BL), melanophores had increased on the dorsal and caudal fin membranes (Fig. 5b) and at 65 d.a.h. (28.8 mm BL) they had increased on the lower jaw, gill cover, parietal area and ventral parts of the body. A single row of melanophores appeared along the lateral line and the adipose fin had formed. Subsequently, the alimentary canal started to bend and the stomach started to form (Fig. 5c) . At 70 d.a.h. (31.8 mm BL), a row of melanophores along the lateral line elongated until they were below the dorsal fin base. All fin rays reached the same fixed numbers for adult fish. Buds of comb-like teeth began to form within the dermis of the upper and lower jaws and the number of gill rakers on the first gill arch had reached 23 (Fig. 5d) . At 80 d.a.h. (36.7 mm BL), melanophores increased in size on the snout, gill cover and the dorsal side of the body and had formed a dark band along the lateral side of the body (Fig. 5e) . By 110 d.a.h. (41.7 mm BL) the melanophores had spread over the body. A fleshy lip was found to have formed at the tip of the upper jaw and the overall appearance was similar to that of an adult fish (Fig. 5f ). Comb-like teeth appeared on the surface of both jaws and the numbers were complete on the upper and lower jaws at 50 mm and 45 mm BL, respectively. Gill rakers increased with growth and reached their final number (30-32) at between 50 and 70 mm BL.
The developmental sequence of scales is shown in Fig. 6 . No scales were visible at 32.5 mm BL (Fig.  6a) and the first scales began to form around the caudal area in specimens of 33.8 mm BL (Fig. 6b) . Scales continued to develop along the lateral side of the body from the base of the dorsal fin to slightly before the base of the caudal fin at 35.5 mm BL (Fig. 6c) . The scaled area reached the gill cover at 37 mm BL (Fig. 6d) . Scales appeared around the pelvic fin base and in front of the anal fin in specimens of 39.5 mm BL (Fig. 6e) . Squamation was almost completed at 40 mm BL (Fig. 6f,g ) and the formation of scales developed rapidly during the period of growth from 35 to 40 mm BL, 90-100 d.a.h. Numbers of lateral scales, and scales above and below the lateral line at this developmental stage were 61-65, 14-16 and 9-10, respectively.
Changes in the ratio of each measured part to the body length of the P. a ryukyuensis ( n = 586) are shown in Fig. 7 . The ratio of the pre-anal length to BL increased from 5.8 to 8 mm BL and then gradually decreased until 40 mm BL. The ratio of predorsal length to BL rapidly decreased from 15 to 27 mm BL and then reached a constant level. The ratios in head length and upper jaw length increased until 30 mm BL, with rapid growth from 30 to 40 mm BL, reaching the same values as in adult fish. The ratio of snout length to BL rapidly increased from 5.8 to 8.0 mm BL, remaining constant from 8 to 14 mm BL, before finally increasing until 48 mm BL. The ratio in eye diameter decreased from 5.8 to 11 mm BL. Between 11 and 24 mm BL, this ratio to BL remained constant, although this increased from 24 to 38 mm BL. After this length the ratio again decreased. The ratio in body height increased gradually until 14 mm BL, but increased rapidly from 14 to 40 mm BL. The ratio in caudal peduncle to BL increased from 5.8 to 40 mm BL before reaching the value of adult fish.
DISCUSSION
The egg size of P. a. ryukyuensis used in the present study, originating from Amami-ohshima Island, was 0.98-1.18 mm (mean ± SD = 1.06 ± 0.05 mm) in diameter. This is similar to that of an extinct population from Okinawa Island (1.01-1.15 mm) . 4 The size range of eggs in P. a. ryukyuensis overlapped that of P . a. altivelis (0.98 ± 0.05-1.05 ± 0.02 mm), although a negative relationship between latitude and egg size of P. a. altivelis has been described. 12 The egg size of P. a. ryukyuensis in the present study was found to be similar to that of P. a. altivelis that dwell around southern Japan (1.03 ± 0.02-1.07 ± 0.02 mm). 12 The daily growth rate of P. a. ryukyuensis was 0.35-0.45 mm (mean 0.40 mm) per day except for two inactive periods. The first dormant period of growth, which coincided with the change of food from rotifer to Artemia occurred from 20 to 40 days after hatching. The second inactive period was found to occur between 90 and 110 days after hatching; a period that coincided approximately with the switch from seawater to freshwater during rearing and the transfer from 1 kL rearing tanks to 20 kL tanks. These findings suggest that the two inactive periods of growth were the result of anthropogenic interference. Consequently, the early growth rate until 160 d.a.h. of P. a. ryukyuensis under these rearing conditions (water temperature from 11.2 to 25.8 ∞ C, mean 18.2 ∞ C) was almost similar to that of reared P. a. altivelis (0.39 mm per day, water temperature from 10.1 to 21.6 ∞ C). 13 Full pigmentation on the lateral side of the body in P. a. ryukyuensis (40 mm BL) occurred earlier than that of P . a. altivelis (50 mm BL). 8, 9 All fin rays reached fixed numbers equivalent to adult fish from 26 to 28 mm BL (60-65 d.a.h.) in P. a. ryukyuensis , which is almost the same size and age as those of P. a . altivelis . 13 The eruption of comb-like teeth occurred at approximately 40 mm BL in P. a. ryukyuensis , which is a similar size to that of P. a. altivelis . 13 However, body sizes at the completion of squamation were about 40 mm BL in P. a. ryukyuensis and 50-60 mm in P. a. altivelis . 8, 13 From the proportional changes with growth (Fig. 7) , the main turning points in the proportions of P. a. ryukyuensis appeared at 7-8 mm BL, 14-18 mm BL, 27-30 mm BL and at approximately 40 mm BL. The yolk had been completely absorbed at the first turning point (7-8 mm BL), so this size was concluded to be the period of progression from prelarval to postlarval stages. The commencement of the upward bending of the notochord and the completion of caudal fin ray formation occurred at the second turning point (14-18 mm BL), indicating this to be the transfer period from preflexion to postflexion stages. Larvae of P. a. ryukyuensis ascend rivers from the sea at a size greater than 27.4 mm BL on Amamiohshima Island 6 and this size would be equivalent to the third turning point in the life history of P. a. ryukyuensis (28-30 mm BL). The sizes at the completion of squamation, the appearance of comb-like teeth and the proportional similarity to adult fish were equivalent to the fourth turning point (40 mm BL), suggesting that this size was the switching period from juvenile to young adult fish. The fourth turning point of P. a. ryukyuensis occurred faster than that of P. a. altivelis (45-55 mm BL). 8, 12, 14 The bending points in the ratio of head length, pre-anal length and body height to body length of P. a. ryukyuensis also occurred faster than those of P. a. altivelis . 15 That is to say, developments in squamation, pigmentation and proportion of P. a. ryukyuensis were earlier than those of P. a. altivelis . Furthermore, P. a. ryukyuensis recruit from sea to river at 24-34 mm (mean 32.3 mm) BL, approximately 65 d.a.h. on Okinawa Island (K. Tachihara and Y. Yasunaga, unpubl. data, 1999) and 27.4-78.4 mm BL on Amami-ohshima Island. 6 The age was younger and the developmental stage of recruitment in P. a. ryukyuensis on both islands occurred much faster than those of P. a. altivelis distributed on mainland Japan (60-85 mm BL). 9, 10, 13, 14 Recruitment to rivers of P. a. ryukyuensis occurred just after all fin rays had reached the same fixed number as found in adult fish, but before development to adult body proportions (Fig. 4k-n) . These findings are not only important in terms of understanding the evolutionary life history of P. a. ryukyuensis on subtropical islands, but are also valuable for deciding the correct timing for Fig. 7 Sequence of changes in the ratio of each measured part to the standard length of Plecoglossus altivelis ryukyuensis. (᭹), reared specimens; (᭺), specimens collected from the sea around the entrance to the Genga River; (¥), specimens collected at the Sannumata River; (᭞), turning points with respect to proportional changes. BD, body height; CPD, caudal peduncle; ED, eye diameter; HL, head length; PAL, pre-anal length; PDL, predorsal length; SNL, snout length; UJL, upper jaw length; (n = 586).
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release of juveniles into natural rivers. However, as there are known to be some differences between reared and wild fish in several species, 16 further study is necessary to examine differences between both reared and wild larvae and juveniles of P. a. ryukyuensis.
